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This paper presents in order 1) a brief description of 
the results, 2) a definition of cellular automata, 
3} discussion of previous work in this area by Von Neumann 
and Codd, and 4) details of how the prescribed behaviors 
are achieved (with computer simulations included in the 
appendices) . The results include showing that a two state 
cell with five neighbors is sufficient for universality. 
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CFLLIILflP AUTOMATA 

INTRODUCTION 

Complex behavior by macMnes can he achiever* Hy either *-avIn*r 
a larse number of very simple machines or hy Havln* a complex 
machine with which to start. Our primary Interest In this paper 
is wfth the former, *y considering the plo^al he^avlnr of a 
larjje numher of the simplest of machines, the following results 
are shown: 

1. An array of Identical square cells each of which has 
onl y four states anH communicates wl th I ts fnur nearest 
neighbors (forming a neiphhorhdo^ of five cells) can a J 
perform any computation which Is computable and M construct 
(almost) any configuration "In particular. It can he self- 
reproducing. Cells capable of the first behavior are calleH 
unl versa I computers; the second behavior characterizes the 
universal constructor. 

2. A three state, five neighbor cell is capable of 
universal computation when configured In a finite Initial 
area. 

3. Two states and five neighbors ar^ sufficient for 
uni versa 1 computation, hut require an Infinite Initial 
conf I juration. 



Being parallel machines* these cellular automata can serve as 
a good theoretical basis for parallel computation and should he 
useful mathematically In many of the same areas as the Turing 
Machine. Practical physical appl i cat ions are presented In a 
later section. 



CELLULAR AUTOMATA 

Consider an infinite array (fn two dimensions) of identical 
simple finite state machines, which we shall call eel Is * Fach 
eel I communicates with other cells in its neighborhood. The 
finite state machines, or cells, are described by specifying a 
set of trans! t ion rules . These rules specify which state a cell 
will enter (during the next time step) as a function of the 
eel I 's neighbors* Except as otherwise specified, we will 
consider only two dimensional souare cells with the four nearest 
neighbors comprl sing the f I ve-nel phbor neighborhood* 

A gonf i juration is a specification of the states of the cells 
In the array at any Riven time. When started in particular 
initial configurations, the eel is can be made to perform 
interesting processes. 

In summary, we are considering the poss ible behaviors 
exhihl ted by vast numbers (usually infinite) of ident ica 1, very 
simple machines each interacting with Its nearest neighbors. 

A particular eel lular space Is characterized by the transition 
rules* We will use the form 

(CNESWR) 
to write the rules* The letters stand for Current state, state 
of the North neighbor. Fast, South, West, and the Result state R, 
A set of rules In this form defines a cellular space. 



Several conventions must he observed. First, only transl tlon 
rules will be listed In the set. If a neighborhood conflrur/itlon 
does not appear (implicitly or explicitly — see below) fn the 
set, then It Is understood that the cell docs not change state In 
the next time period. Second, there are varying decrees of 
symmetry. For example. If there Is no preferred direction, then 
the appearance of any of the following rules In the set Implies 
the Implicit presence of the others. 

(cabhbri) (chabbd) (chbabd) (cbbbad) 

Also if there is no preferred rotation (clockwise or 
counter-clockwise), then the following are eoulvalent and only 

one needs to appear In the rule set. 

(cabdde) (cbadde) 

All the sets of transition rules In this memo have the above 
two properties -- no preferred di recti on nor rota t Ion. 

One other requirement Is always observed -- the existence of a 

Quiescent state . A quiescent state Is a state that remains in 
the quiescent state when all its neighbors are quiescent. Thus 

another characterization of cellular configurations is the number 

of non-quiescent states required for the initial configuration. 



PREVIOUS WORK 

J. Von Neumann pioneered In the area. His reference (1) is to 
be taken as the foundation, but the book by CodH (2) Is the chief 
reference for this work. Von Neumann's primary Interest was In 
finding a set of rules and Initial configuration that would be 
capable of sel f- reproduction. In particular, and universal 
construction In general. The conf Irurat Ion was also required to 
be a universal computer. The conf Irurat Ion functioned by 

"growing" an arm which could "construct" a new passive 
configuration. An activation signal sent alon* the arm started 

the new construction operating. His solution was the twenty-nine 

state, five neighbor cells (four nearest neighbors plus Itself). 
The set of rules were not isotropic. F» F, Codd (2) reduced the 
required number of states to only elffht. His transition rules 
specified an Isotropic space. I.e. no preferred direction, but 
the rules did possess a preferred rota t Ion. Roth Von Neumann and 
Codd worked with the following requi rei-ien t*. 



1. The cellular machines nre Initially configured In a 
finite region of space -- I.e. only a finite numher of 
non-quiescent states existed In the Initial conf irurat Ion. 

2# Construction was performed In an Initially quiescent 
region of space. 
Codd (2) has also shown that two states are sufficient for 
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universality If the neighborhood Is allowed to he increased. In 

particular, he has shown that a two state cell with elrhty-flve 
neighbors can simulate his el^ht state cell. 

Considering only self-reproducing patterns, Edward Frcdkln has 
described the fol lowing I ntercst Inn eel lul ar space. If the 
states are "0" and "1" and If the result state Is ohtalned by 
taking the sum of the neighbors, modulo 2, then any Initial 
configuration will reproduce copies of itself symmetrical ly about 
the initial configuration. Terry Wlnojtrad general I zed this 
result showing that any neighborhood, not necessarily just the 
four nearest neighbors, and any number of dimensions still plve 

the same results. Further, If there are p states 0, 1, ... , p-1 
where p Is a prime number, then the sum of the neighbors modulo p 
Is a rule that will assure self-replication of the pattern In a 
finite number of time steps. 



DETAILS OF TMF CFUULAP AUTOMATA 
I , The Two State Unl versa 1 Cel lular Space 

One of several methods of achieving universality with two 
states Is to show that two states In the proper configuration can 
simulate any n-state cell — ■ In particular the twenty-nine state 
Von Neumann or eight state Corid cells. This Is done by showing 
that cells In the proper configuration can represent wires and 
that signals can travel along the wires. Other regions arp 

conf I gured to act as Junctions, c rosso vers, logic elements, 
curves, etc. Further elahoratlon will he given after It has been 
shown that these elements can be constructed. 

If the two states are represented hy n 0" and "1 M , th& thrM 
transition rules can he written. 

(111000) {011101) (011111) 
Rules far the Two State Universal Computation Cellular Space 

The first rule requires corners to disappear. The other two 
assure that gaps (zeros) surrounded by three or four ones v/1 1 1 be 
filled In, In the following Illustration of a signal propagating 
along the wire, the n M or quiescent state Is also denoted hy the 
blank. 



11111111111110111111111111111 
11121111211101111111111111111 

11111111111111111111111111111 



Wire and Signal (Propagates to the Rirht) 

Note that the slrnal travels on one side of the wire. The wire 
will be symbolized by a stralrht line with an arrow used to 
Indicate the side of the wire on which the signal Is traveling. 
It should he clearly understood that the blank area above and 
below the above diagram represents cells In the zero state and 
not the absence of eel Is, Appendix I con ta ins computer 
simulations of the above wire and also the other elements shown 
below. The reader should probably check this Appendix now to see 
exact 1 y how this signal propagates. 

The dead-end Is used to el Inlnate signal s travel I np down 
truncated wl res. 



1 
11111111D111111 
111111101111111 
111111111111111 or 

1 



Symbol 



The Dead-Fnd 



The Junction or fan-out Is used to create new slrnals. A 
Signal entering the fan-out from the Input side leaves from the 
other three arms. This element will also be used with the above 
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dead-end to produce Che curve. 
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Junction (and Diode) 
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This fan-out Is not bilateral ~ a slpnal entering any of the 
side outputs dies. Thus by using two dead-ends the Hlode {or 

one-way gate) Is obtained. 

A whole family of curves must be created since the slpnal Is 
on one side of the wire. We need Inside to Inside, InsMe to 
outside, outside to outside and outs Me to Insf dp curves* 
Although simpler curves exist, two of these curves are obtained 
directly from the fan-out with dead-ends on two output wires. 
The inside to inside curve must be created from scratch. 
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The Inside to Inside Turve 

The outside to outside curve can be made from the above curves as 
fol lows. 
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The Outside to Outside Curve 



Recall that the arrows Indicate which side of the wire carries 
the signal, 

A universal IorIc element will be used with a clock (described 
later) to build the remaining needed elenents. The following 
configuration will compute the lorlc function "R and NOT A". 
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Logic Element 

If Che B Input Is from a clock (I.e. a periodic emitter of 
signals) then this loj*Ic element becomes a "NOT" function. Thus 
we need a clock. 
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The Clock 



This clock has a period of sixteen time units. Almost any 
even period Is obtainable by different conf iguratlons. 

The operation of the lode element requires that the slpnals 
be synchronized. The clock defines an Interaction time and all 
wires are constructed to maintain the synchronization of 
signals. The construction of the crossover is achieved hy the 
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following logical configuration* However It Is required that 
only one signal arrive at once. By moving the location of the 
crossover si Ight iy, non-slmul taneous arr I val s can he assured. 
The NOR function can he constructed from the lorlc element and 
the HOT function. 

8' 




NOR. 




-HNor 



-H NOR 
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The Crossover 



A much more efficient crossover Is Illustrated In Appendix II. 

The extension to three dimensions and seven neighbors Is 

trivial , The same three rules appl y assuming the other two 
neighbors are In the "0 U state {previously there were only five 

neighbors.) The above machine can exist In a plane. If desired, 

but turns out of the plane can be Inserted at any point of origin 

of signals In the wire. 
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Part of the Inside to Inside Curve 
The enclosed part of this curve can he rotated ninety decrees 
about the dashed 1 Ine, 

These elements are sufficient for universality. The wire and 
crossover allow moving of signals from point to point. The loplc 
function with the NOT function added to Its "R M Input nlvos the 
universal HAND function. (See Hlnsky (3) for a discussion of the 
universality of this lopic function.) Thus we can "wire up" any 
function. (Delays, which mipht he required, can he accomplished 
with a few extra curves.) Specifically, the twenty-nine state 
Von Neumann cells or the eipht state Codd cells could he 
simulated achieving both computation and enn struct Ion 

universality except for the fact that an Infinite number of 
slnulated cells must exist. 

As an alternate approach to achieving computation 

universality, the Turing Machine can be simulated. We wire up an 
Infinite Turing Machine tape with the finite state machine part 
built Into each tape cell. An activation slrnal causes only one 
of these simulated tape cells to be operative at once, with bnth 
state and activation signal passed to the left or rlrht. (This 
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approach will be used later In showing the universality of a one 
dimensional cellular automaton.) 



15.5" 

DETAILS OF THE CELLULAR AUTOMATA 

II. The Throe State Universal Flnl te Cellular Space 

The undes I rable requl renent of an initial cunf 1 gu rat Ion 

Involving an infinite number of cells in the above two state 

cellular space exists. This requirement can be eliminated by 

adding another state* (Codd (2) conjectures that an unbounded 

but buundable propagation is a necessary condl t Ion for 

coiiiputat Ion universality and uses this conjecture in a proof that 

there does not exist a two state five neighbor universal cellular 

space with finite initial configuration.) 

Since a coMputatlon nay require an arbitrary amount of space 

sone Method must exist for Increasing the information storage by 

arbitrarily large amounts. The method Is to use an arbitrarily 

extensible special wire with the property that a signal sent out 

this iv I re Villi lengthen the wire by a constant amount with a 

reflection or echo signal returned back down the wire. Four of 

these special wires will allow simulation of Jllnsky's universal 
tviu register machine (>). A brief description of the operation 

of this machine is necessary. 

The two register machine operates on two infinite capacity 

registers. This is a program nachine with the operations a) 

subtract 1 from a register and if the result Is *ero, branch to a 

specified operation, and b) add 1 to a register. l>ince addition 
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and subtraction are operations that require only a finite state 
machine C«s opposed to Multiplication)/ only the ability to add 
and subtract 1 from the registers and to test for ^ero in the 
registers Is needed. Two of the special extensible wires ^rc 
used for each register. The difference in length represents the 
number contained In the register. To add 1, a signal is sent 
down one uf these wires extending It. The echo Is Ignored or 
destroyed by neeting another signal sent down the wire before the 
echo returns. (Two meeting signals will be anihllated.) The 
zero test Is achieved by comparing two echo s Ignals for 
simultaneous return and subtraction is done by lengthening the 

shorter wire. To prevent u al<nos t slmul taneous" returns, the 
extending of wires can be done several tUies so that the length 

changes only by incrcMents of sufficient amount. 

Let's look at the needed components, appendix III contains 
the computer simulations of these elements and a Hating of the 
transition rules. The states are "2", "1", and the quiescent 

state "0" (also represented by blank space). 

The wire Is composed of 2's with the signal represented by a 
one-zero trai n. n_ 
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Hire (Propagation to the lllght) 
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The following Junction construction 

222 
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222 

222222222 
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The Junction 



has the properties 1) a single signal entering an an.* exits from 

the other three ams, 2) two signals entering & iwul taneously at 

right angles will exit the other two an.is, and 5) three signals 

enter i ng sffflUl taneously are ani hi la ted. In each case the 

junction is restored to Its previous condl tlon before arrival uf 

a s i cnal or signals. 

The dead end is sinply a chopped off wire. However* >f fl n 

extra "2 11 Is placed at the end of the dead end wire as shown 

22222222222 

222222222222 

22222222222 

Special Hire 

then the s I goal wilt reflect wl th the speci al wire bei ng 
lengthened by two cell edge lengths. 

We now illustrate that the above components fum a universal 
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set of el orients. The curve is obtained from a junction with two 
dead ends* Another element needed is the diode (one-way gate), 
Represent Ing wl res by 1 inos, dead-ends by sitial I cl re les and 
curves as right angles we have 
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The Diode (The Signal will Pass only from Left to Itffiht) 



The clock is simply a signal circling In a loop with an exit. 




The Clock 



u 



fhe diode and clock arc used to nake a UOT function 
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The ;I01 Function 
The OK function is Just a junction with diodes 

t' 8 

The OR Function 



The HUH function Is obtained from the NOT and the UK. The KOR 
can be used as In the two state case to form a crossover. 

The reception of echo s ignals, the pros ram logic, and 
comparison of return times are novi achieved by straight furv/ard 
constructions. Thus the finitely initial configured universal 
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three state cellular autonaton can be built* 
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DETAILS OF THE CELLULAR AUTOMATA 
III. The Four State Universal Computer Constructor 

The four state universal computer, universal constructor Is 
considerably more complex than the previous tv/o automata. Not 
only must this automaton be capable of computing any (computable) 
computation, hut It must be capable of construct I n# Into 
quiescent, empty space an automaton also capable of computing any 
computable funct ion. In particular, it should he capable of 
reproducing Itself. (For a discussion of how such offspring can 
evolve and Improve, see von Neumann(l). ) 

This automaton will have the same type lorlc elements as the 
previous machines, but In addition. It must have an am that can 
reach out Into the construction space to build the new machine. 
The growth and operation of this arm Is Quite complicated. After 
the new machine is constructed. It must be activated, (The 
approach of constructing an active machine directly would be 
tremendous 1 y more compl lea ted, ) The explanation of how an 
unbending arm can construct a new machine of larger size than the 
constructing machine Is then explained. 

Simulations of the components and a listing of the transition 
rules Is given in Appendix IV. The states are represented by "O" 
(and blank), "1", "2", and "x". 

The place to begin is with the wire and slrnal, and the 
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dead-end. 



xxxxxxxxxxxxxxxxxxxxxxxxx 
x 12 

xxxxxxxxxxxxxxxxxxxxxxxxx 

The Wire and Signal and the Dead-End 

The wire and all other components are constructed from state 

"x". In fact, any configuration constructed entirely from this 

state will be passive. The junction 

x x 
x x 

XXX XXX 

X 

XXX XXX 

X X 

x x 



The Junction 



has the same properties as did the three state automaton. I.e. a) 

a single entering signal fans out, b) two Inputs at a rlpht angle 

give two outputs on the other two wires, and c) three Input 
signals are anlhllated. In each case the Junction Is restored to 

its original position. In the case of the fanout, the useful 

phenomenon of an extra delay of one tine unit occurs. 

The curve Is obtained from the Junction with dead-ends. The 
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diode is obtained as previously. 



or 



#— 



The Diode 



SFmllarly the clock, NOT function and NOR function can he 
constructed. However the previous crossover Is unacceptable 
because It Involved the use of the NOR function which l s huilt 
with a clock. The reason For this unacceptabll 1 ty is that we 
only want to construct a passive conf Ipuratlon and to use a 
single activation signal to Introduce a sipnal Into all wires and 
clocks to "start" the machine. With a passive crossover, there 
Is no problem. It seems likely, however, that only the active 
crossover clocks associated with the distribution of the 
activation slftnal could be Initialized during construction. 
Nevertheless the following passive crossover ellnlnates the 



problem. 




The Passive Crossover 

The loftlc operations of this Autdtt3t6h ar& CAfflMeted, The 
operation of the arm Is now illustrated* 
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The horizontal arm can move vertically within a fixed range, 
but can extend an arbi trary distance Into a prel Inlnary 
construction region. The construction of automata which do not 
fit within this space (e.g. sel f-rcproduclnfO Is achieved by 
constructing a preliminary automaton of arbitrary length which 
grows a vertical arm Into the surrounding space to construct the 
desired automaton. 

The arm consists of a row of cells In state "x". 

xxxxxxxxxxxxxxxxxxxxxxx 
The Arm 



The arm Is attached to a row of cells In state "x r \ 

x 

X 

body x^^*arw 

\ * 

XXXXXXXXXXXXXXXXXXXXXXXXXX 
Attachment of Am to Body 



The operation of construction proceeds as follows. DTwo special 
signals (called single wings) sent from each end of the body 
col I Ide at a location determined by the timing of si anal 
origination. 2) The collision produces an arm hud. 3) Further 

pairs of single wings colliding at this location cause the arm 
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bud to grow longer* k) Once the arm has reached a length of 
three x's further growth Is accompanied hy an echo signal from 
the end of the arm. When the echo returns to the body. It Is 
harmlessly anihilated unless, 5) If the echo signal Is properly 
timed with another pair of colliding single wings, a new signal 
(cal led the erasing double wing) propagates out the wire:, 
destroying the wire as It goes, i.e. leaving quiescent cells 
behind It. 6) When the erasing wing reaches the end of the arm, 
a single ,f x" Is deposited into the cell just beyond the end of 
where the arm was* Thts depositing succeeds even If there are 
other x's surrounding the new n x" on one or two sides, 7) A new 
arm Is grown to deposit other x's and the process fs Iterated 
until the construction Is completed. Then an activation process 
takes place. 

The above operation description requires some new components. 
First the single wing Is illustrated. 



1 
xxxxxxxxxlxxxxxxx 

Single Wing Signal 



Two meeting single wings leave the following arm bud. 
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x 
x 



xxxxxxxxxxxxxxxxxxx 
Arm Bud 

Another collision fills In the gap In the arm bud forming an arm 

of length three. Another col 1 1 slon gl ves the fol lowing 

configuration, 

x 
x 

X 

xxxxxxxxxxxxxxxxxxx 
Arm wl th Gap 

Again the gap Is f 1 1 led by another col 1 Is Ion. Subsequent 
collisions give the following double wing signal propagating out 
the arm 

x 



lxl I 



x 
xxxxxxxxxxxxxxxxxxx 

Double Wing Signal 



This double wing adds an "x" to the end of the wire and sends the 
following echo signal back down the wire. 
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xxxxxxxl xxxxxx 
Echo Signal 

This echo leaves a nap between the arm and the body which Is 
filled in as before* However if the echo eolncMes with another 
collision of single wings, the erasing win* Is produced 

x 

X 



At 



XXXXXXXXXXXXXXXXXXX 

The Fraslng Winn Signal 

The different cases of the erasing wing reaching the end of 
the wire are Illustrated In the simulations. By constructing the 
new automaton column by column and top to bottom In a kind of 
"raster scan' 1 the arm wl 1 1 need to consider onl y local 

configurations In which there are no x's already there or one "x" 
on the previous column or beside it In the current column or 
there may be two x's already there In these two positions. In 
particular, the arm will not have to fill an "x" bqtwegn two 
existing x's. 

The generation of the single wlnp. from the original lorlc 
signal is achieved by the following element. 
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x 
xxxxxxxxx 1 

23 xxxxlxxxxxxxxxxx 
xxxxxxxxx >- 

— > x 

Single Wings Being Oenerated 

Activation Is achieved by the capture mechanism. 

xx 
xxx 

xxxxxxxxxxxxxxxxxx 

xxxxxxxxxxxxxxxxxx 
xxx 

XX 
Capture Mechanism 

An erasing wing entering the above mechanism will generate a "12" 
signal and seal the end forming a dead-end. This activation 
signal travels by fan-outs and crossovers to every place where It 
Is desired to have a wire or clock Initialized wl th a slftnal. 
The following simple configuration allows the introduction of 
Initial signals. Note that the wire maintains a two-way 
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propagation capability* 



* 



activation sipnal 




Introduction of Rlpht Moving Slpnal 



If some Initial signals arc desired to he within junctions or 
elements, they could have heen Introduced earlier Into the Input 
wires. 

By suitable delay lines built Into the activation wires, any 
finite amount of Information can be communicated to the new 
machine at the expense of building a more complex machine. Other 
methods of communication Involve simultaneous counters, one in 
each machine, being interrupted hy a second activation-type 
signal (requiring a second capture mechanism) with the current 
count representing the Information. if two-way communication Is 
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desired, the following technique may be used. 
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Starting Configuration 



The constructed automaton. Instead of being activated through 
a capture nechanism. Is simply linked to the pre-existing wire 
segment* 
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Final Conf igurat iun 
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To function as a universal computer, the machine needs an 
Infinitely extensible memory/ or Information storage capacity. 
This memory is achieved by having a separate construction arm 
that constructs a new memory box with Its own lorlc, (finite) 
memory, and construction arm to extend Itself when Its memory 
capacity has been exceeded. The memory box Is connected by a 
two-way arm (as Illustrated above) to the parent automaton and to 
the next memory box In the series. The series of memory boxes 
can be thought of as a memory tape. 




Memory Boxes 



Consideration of self -reproducing automata yields the 
following new problem. When constructing offspring, there are 
two configurations In which this offspring could he dpslred. The 
first Is that the offspring should he constructed in some 
original configuration of the parent. This Is achieved easily 
and stralght-forwardl y. The second, however, would have the 
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memory reached zero, a third activation type signal sent to the 
offspring would stop Its counting and cause both offspring and 
paront to start moving the reserve memory (now identical) back 
into the main memory. Of course, suitable delays vjould be needed 
to assure proper synchronization between the final 

configurations. 
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offspring In some configuration after the parent has done some 
computation. In this case, the parent will have crown an 
arbitrary number of memory boxes* 

To have the offspring have the sane number of memory boxes as 

Its parent/ it shuuld be constructed In such a nanner that when 
activated, it immediately would begin to grow its own memory 
boxes or tape. This process would continue until it reached the 
same length as the parent's tape. It would know when to stop by 
a second activation type signal from the parent. (Mote that 
permanent connection by a wire between parent and offspring has 
not been a I lowed. ) 

It must be noted that the memory boxes cannot be a unary 
storage as were the extensible tapes of the three state machine. 
Such a tape can store no wore Information than its own length, 
but here the parent's tape must contain information about Its own 
length In order to know when to send the second activation signal 
to stop the offspring's tape's growth at the same length. 

If Information Is desired to be in the offspring's tape* this 
can be achieved by having all memory boxes built with a duplicate 
reserve capaci ty. The offspring, af ter having stopped growing 
1 ts memory, could begin counting in i ts reserve memory* 
ii Imul taneuusly, the parent would befiln counting In Its reserve 
memory and counting down In its main Memory. When the i-ialn 
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DETAILS OF THE CELLULAU AUTOMATA 
I V. Universal One Dimensional Cel lular Spaces 

The two state uni versa 1 cellular au tone tan previously 
discussed can be constructed in a finite width- By considering 
an Infinite one dimensional tape made up uf slices of the two 
state machine confiflured In two dimensions, it is at once a 
universal computer with two states and five neighbors If two of 
the neighbors of a cell are its nearest neighbors and two others 
are soiiie distance away, namely the width of the slices. The 
fifth neighbor is the cell itself. 

An attempt was made to find a universal one dimensional 
cellular space with just the two nearest neighbors forming a 
three neighbor space, A seventeen state cell was found. This 
space achieves universality by simulating the above five neighbor 
one dimensional cell. If the simulated cells of each of the 
slices are distributed in a large region of the tape in a way to 
be discussed wi th 
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Location of Simulated Cells 
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quiescent apace between them, then each eel 1 cuu Id begin 
simultaneously to send out signals in both uirectiuns. There 
would be two types of signals depending un the initial state of a 
cell. The first two signals to pass over a cell would perform a 
partial computation of the resulting state, leaving It in one of 
five states. All subsequent signals passing over it would leave 
i t unchanged unless the two signals arrived s imul taneous ly* The 

only case in which two signals can meet sinul taneuusly over a 
slnulated cell Is when the signals originated from the cell's two 
distant slmu la ted nei ghburs, (Ilo rigid proof has been found, or 
even intensively sought, that a distribution that meets this 
requl rement exists, but it appears obvious that wl th a smal 1 
enough density of simulated cells, some such distribution would 
1 ikel y exist. ) This col 1 is ion over the simulated eel I would 
complete the computation of Its transition and the process would 
start over. It should be mentioned that all other collisions 

have no ef f ect—s ignals pass through each other unaffected, etc. 
Complete details will appear in a forthcoming thesis. 
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DISCUSSION 

I. Starting and Halting of Cellular Automaton Computations 

The starting and halting of luring machine computations are 

well defined operations. Similar operations must be described 

for the universal eel lular automata descri bed. 

In the sane sense that the Input to a universal Tur i ng machi ne 
is initially configured on the tape, representing the computation 
to be executed, the initial configuration of a cellular autunaton 
contains the description of the conputat Ion. 

Malting of a cellular automaton can be defined In several 
ways. Probably the simplest is to define a computation as having 
ended when a specified cell first changes state. 



3a 

DISCUSSION 

I I . The Equivalent Continuous Cel lular Space 

If we consider what happens to Che two state cellular space as 
the size of the cells and the cycle tine approach zeru, we obtain 
a continuous "cellular 11 space. If the cycle time and size 
approach zero in such a way that the quotient of size divided by 

cycle time remains constant, a charactnr'st te vploclty Is Heflnr*' 1 
as this constant for t^e continuous spacer '*t the statp (0 or 1 
for our two state automaton) of the rf»sc»'**tft cells corrrsponH to 
the value of a function In tH# continuous snare. Snattal H**rf na- 
tives can *e Heffnerf, A Particular s*t *** transition rules can 

now hn written In H' f f^r^nt lal nnuatlnn F nm usln<* t^e Hr*rl vat *vf*s. 

The transition rule set for the universal two state cellular 
automaton has the interestinc property that the corresponding 
differential equation can be written with the time derivative of 
the space function Cstat*), S(x,y,t), In tnrms of S(x,y,t) anH nnlv 
the two srcooH iVrivatlvpq of s(x,y,t) wit* r^snort to t** x an* v 
^i rectlons. 



Konrad Zuse (k) has presented an argument for a discrete t*iodel 
of physics. Paul Klein of Project MAC has also interested 
himself in a eel lular model of the universe. Mot 1 i ml ting 
himself to two or three states, he has found configurations which 
can propaRate through a space in an arbitrary direction and at an 



yj 



arbl trary speed. 



4G 



DISCUSSION 

III. Practical Application 

Perhaps the predominant application of cellular automata theory 
will be in circuita with a self wiring capability. A large scale 
integrated circuit forming a large array of cells could contain an 
initial configuration with construction power. When activated, it 
would proceed to wire up any doslrcd circuit, (as indicated by 
Information built into the configuration or sent into it after 
activation) detecting and ignoring bad cells* Such a circuit could 
actually be a complete parallel or serial digital computer on one 
alice. Various regions of the slice could have different transition 
rules if, for example, one type cell proved more efficient for memory 
and another for logic functions. Variations include having no 
initial configuration wired In, but sending inputs in to build a constructing 
mtichanism. 

The main point is that by allowing bad areas to appear on the alice 
without destroying the total slice, much cheaper and mora complex cir- 
cuitry could be used. Shoup (4) has considered the design of integrated 
circuita used as cellular arrays. Not concerning himself with 
universality in particular, he was more interested in efficient implementa- 
tions of practical operations* 
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APPENDIX X 
Simulation of Che Component*: The Two State Machine 

The Wire and Dead End 



cycle U 

1 1 

111111 1111111111 

12111 11111111111 

11111211111111111 

1 1 



cycle 5 

1 1 

11111111111 12111 

1111211212 212211 

11222111111111111 

1 1 



cycle lu 

1 1 

11111111212222211 
111111111111111 1 
12222211111111111 
1 I 



cycle 1 

1 1 

1111111 111111111 

111111 1111111111 

11111111111111111 

1 1 



cycle u 

1 1 

111221111222 1111 

11111111111 11111 

11111111111111112 

1 1 



cycle 11 

1 

11111111111111111 
11111111121222111 
11111111111111112 
1 1 



cycle 2 

1 1 

12121111 11111111 

1111111 111111111 

11111111111111112 

1 2 



cycle 7 

1 2 

1111111222112 111 
111111111111 1111 
11111111111111111 
1 1 



cycle 3 

1 1 

111111111 1111111 

11111111 11111111 

11111111111111111 

1 1 



cycle U 

1 1 

11111111111111 11 
1111111111111 111 
11111111111111111 

1 



cycle 4 

1 I 

liiiimii linn 

112111111 1121122 
11111111111121111 
1 1 



cycle y 

1 1 

111111111111111 1 
11111111111111 11 
11111222221111111 
1 1 



Note particularly the disappearance of the signal in cycles 10 and 



11- 



1-2 



The Fanout Elcacnt 



cycle 


cycle 3 


11111 


11111 


111 


111 


111 


111 


1 1U 
+ HI 


\ 111 
* 111 


huh huh i 


111111111 111 1 


inn liiiiiiiiiiiiiii 


11111111 1111111111111 


liiiiiiiii liiiiiiii 


1111111111 111111111 


li iiuiiiii 


11 111111111 


ii in l 


11 111 1 


mi in 


mi in 


in 


in 


inn 


Hill 


cycle 1 


cycle it 


11111 


11111 


111 


111 


111 


111 


* HI 


HI 


111 


1111111 11111 1 


1111111111111 1 


111111 111111111111111 


111111111 111111111111 


1111111111 111111111 


1111111111 111111111 


11 111111111 


11 111111111 


11 111 1 


11 HI 1 


1111 111 


1111 111 


111 


111 


11111 


11111 


cycle 2 


cycle 5 


11111 


11111 


111 


111 


111 


111 


1 in 
i in 


111 


111 


liiiiiii mi i 


1111111111111 1 


1111111 11111111111111 


1111111111 11111111111 


1111111111 111111111 


111111111 ► 111111111 
11 \ 111111111 


11 111111111 


11 111 1 


11 111 1 


mi in 


1111 111 


HI 


111 


inn 


lllll 




(Continued) 



I - 3 



cycle E 

111 11 
111 
111 
111 
111 

iiiiiiiiiim 1 

liiiiim i linuiiii 
iiiiiinii f niiiini 
l niiiini 
n in l 
mi in 
Hi 
mil 



cycle 9 

11111 

111 
111 

111 . 
11 * 
11111111111 I i I 

1111111111 111 1111111 
111111111 ^ 11111111 
11 111111111 

1 111 1 

1111 111 
111 
lllll 



cycle li 

lllll 

11 «• 

1 1 

111 

111 
lllllllllllll V l 

11111111111111111 1111 

muiiiai i i mil 
l ii mill 
n l l i 

1111 * n 
in 
urn 



cycle 



lllll 



111 
111 
111 

111 
uiiiimim l 

minium muiiii 

Aimillll 



11 

1 

mi 



liiiiuu 
in i 
in 
m 
urn 



cycle 10 

lllll 
111 
111 

ii 4r 
l i , 
linuiiii u * i 
liuiiiii 11111 nun 
linuiiii i limn 
n -» ilium 
u in i 
mi in 
in 
inn 



cycle 13 

inn 

l 1 

111 

111 

111 
niiimiiiii 4 i 

limuimmmi m 
muiiii mi mi 

n mumi 
i m i 

mi i l 
-> n 
inn 



cycle 8 

111 
11 
11 
11 
11 

umuum 
milium 
iiiiiinii 
l 

u 
mi 



i 
l mum 
uiiuiii 
liuum 
m i 
m 
in 
iiiu 



cycle 11 

lllll 

in 

n *- 
i i 
in 
iiimiiiii l * i 
iiiiuimiiiiu inn 
mumi u mm 
u i iiiim 
ii -* n i 

mi in 
in 
mil 



cycle l»i 

mil 

m 

m 
in 
m 
umimim t i 

1111111111111111111 u 

iiiiiinii inn m 

n iiinmi 

n in i 

mi m 

i i 

inn 



1-4 



The Inside to Inside Curve 



cycle 


11111 


111 


1 1 


11 ^— 


1111 


111 


111 


1111 1 


1111111 1 


lnuiiimuiiii 


i liiiimii 


iiiiiiini 


i i 


cycle 1 


11111 


111 


111 


1 1 


111 4— 


111 


111 


1111 1 


1111111 1 


11111111111111111 


1 1111111111 


1111111111 


1 1 


cycle 2 


11111 


111 


111 


111 


11 J 


11 « 


111 


1111 1 



1111111 1 

11111111111111111 

1 1111111111 

1111111111 

1 1 



cycl e 

11111 

111 

111 

111 

1111 

1 1 

11 

1111 



iS 



1111111 1 

11111111111111111 

1 1111111111 

1111111111 

1 1 



cycle ll 
11111 
111 

111 

111 

1111 

111 

Ill * 1 

1111111 1 

11111111111111111 

1 1111111111 

1111111111 

1 1 



cycle 5 
11111 
111 
111 
111 
1111 
111 
111 
11 1 1 

1111111 1 

21111111111111111 

1 1111111111 

1111111111 

1 1 



S 



(Continued ) 



1-5 



cycle 6 
11111 

111 
111 
111 
1111 
111 
111 
1 11 1 

._. 111111 1 

"* 11111111111111111 
1 1111111111 

1111111111 
1 1 



cycle 9 
11111 
111 
111 
111 
1111 
1 1 
111 
1111 1 

1111111 1 

11 11111111111111 

1 K 11111111Z1 

1 1111111111 

1 1 



cycle 7 

11111 

111 

111 

111 

1111 

111 

11 

11 1 1 

1111111 1 

-> 1111111111111111 

1 1111111111 

1111111111 

1 1 



cycle ID 
11111 
111 
111 
111 
1111 
111 
111 
1111 1 

1111111 1 

1 1 1111111111111 

1 * 1111111111 

1111111111 

1 1 



cycle 8 
11111 
111 
111 
111 
1111 
11 
1 1 
1111 1 

1111111 1 

1 lllllllllllllll 

1111111111 

1111111111 

1 1 



x * 



cycle 11 

inn 

in 

m 

in 
mi 

in 

in 

mi i 
liiim i 

mi liiiiiimii 

1 A 1111111111 

1 1111111111 

1 1 



(Continued) 
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cycle 


12 






11111 








111 








111 








111 








1111 








111 

111 

1111 


1 


cycle 

urn 


is 


1111111 1 


in 




111 


1 11111111111 


m 




1 


<fl llllllllll 


in 






llllllllll 
1 1 


x \\\ 






m 








mi 


i 


cycle 


13 


mini * i 


11111 




iiimii miiiii 


111 




i 


liimiii 


111 






miimii 


111 






i i 


1111 








in 








in 




cycle 


16 


mi 


1 


11111 




mini i 


111 




n : 


111 llllllllll 


111 




i 


f llllllllll 


111 






llllllllll 


mi 






1 1 


m 
in 








mi 


i 


cycle 


111 


mini ^ i 


11111 




liiniiii liinii 


111 




i 


i miiin 


111 






mmiii 


111 






l i 


1111 








111 








111 








1111 


1 , 






linn f l 






l l 


1 1 111111111 






i 


llllllllll 
llllllllll 
1 1 







cycle 17 

m: 
11; 

n: 

U: 

in: 

n: 

n: 

m: 

l: 

i: 

i 



mil I i 
iiimii linn 
n mmi 
miimii 
i l 



cycle 18 



1 



* 



1 

mil 

mu HftfflH 

llllllllll 
1 1 



I - 7 



The Logic Function ( B and NOT A) 
Case I, A Input only 



ryclr " 

11111 

1 1 
A -* ll 

nu 
in 
l in 

lllllMllllll l 

iimiimnmmi 

niniiin mm 

i li linn 

n i i 

mi 



C 1": 1 p 3 

11111 

1.11 

111 

1111 

^. 1 1 
1 ^* 11 

umimiiu i 
iiiiiiimuumii 
mmim nun 

i n nun 

n i i 
m i 



cycle I 

11111 

V- 

— * 111 

111 
1 111 

1111111111111 1 

1111111111111111111 
1111111111 111111 
1 11 111111 

11 1 1 

1111 



rye 1 p 'i 

mn 

m 

in 

mi 

m 
i l i 

lmmmm 1 

mmmiimiim 
iiiiiiziii mm 

i ii mm 

ii i l 
mi 



cycle 2 

11113 

111 
111 
1 11 

-> 11 
1 111 

111U11111111 1 

iiimmmmim 

1111111113 131111 

1 13 111111 

11 1 1 

1111 



cycle - 

33111 
111 
111 
1311 
J31 
1 111 

1333111111133 1 

1113111113113311111 
1111111111 mill 

1 11 131111 

11 1 1 

1113 



Note that the signal did not g«t through. 
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The Logic Function 

Cose XI, A and B both Input 



cycle p 

mil 
i i 
a —? 11 

111! 
6 Lll 
! A 111 

mm linn l 
mil iiiiiiiiiixii 
iiiiimii linn 
i n linn 

li l l 
mi 



cycle i 

imi 
m 
i i 

-> in 
m 

i I in 

iiiiiti urn i 
mm iimimm 

iiiiimii Him 

i n mm 

ij i i 
mi 



eye 1r 2 

mil 
in 
in 

i n 

* 13 
1 -if 111 

11111111 1111 3 

1111111 11111111111 

liiimiii nun 

1 31 111X13 

33 1 2 

3331 



ryclr 


• * 




11331 




111 




ill 




mi 


1 


v.1 1 

\ X 11 


111111111 311 


11111111 1111111111 


1331113311 111113 


3 


13 111111 




11 1 1 




mi 


cycle 


b 




11311 




111 




111 




I'.M 




111 


3 


1 1 


3111111111 11 


muni; lmnm 


mill 


mi mm 


i 


n nun 




n i i 




im 


cycle 


5 



11111 
111 

131 

3111 

111 

i ni 

mmmn i l 

1113311131111311131 

n3!ii3ii K mm 

i u** mm 

it ! J 
mi 



(Continued) 
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cycle r 

1 
I 

' 
t 

1 

innniim 
liiuiimn 
minim 

1 ] <- 

U 
mi 



i 
linn 

mm 
mm 
l i 



cycle T 

mil 
in 

113 

111] 
111 
I 111 

mmiimii i 

inmiiiimimii 

33mmii linn 

i ii mm 

ii i i 
mi 



ryclr- 



immm 
1111111111 
111111111 
1 11 

1 
1111 



•1111 11 
imii 
miii 
1 i 



cycle 3 

mil 

m 

in 

mi 

m 
i m 

mmmim a 
mmmimmni 
mimm mm 
1 ii mm 

ii i i 
mi 



Note again that the signal did not reach the output, although a 
spuriouB signal did enter che short leg, but was eventually 
an th Hated. 
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The Logic Function ( B and NOT A) 
Case III, B Input only 



cycle n 

mil 

111 

111 

1111 

, 111 

1 * 111 

nmi linn i 
inn niiiuimn 
liuiiiiii mni 
i n mni 

n i i 
mi 



ci'dp 3 

11111 

11?. 

in 
mi 
\ ui 

iiimiii m l 

11111111 1I111111U 

niuinii mni 

l li mill 

ii i l 
mi 



cycle 1 

mil 
m 

ill 

mi 

l i in 

in mi mil i 

mm minium 

imiimi mm 

i n mm 

n l i 

mi 



rye lr 't 

11111 

111 
111 
1111 

m 

i in 

mmimm i 

liiinni immn 
niniim mm 

i n mm 

ii i i 
mi 



cycle 

nm 
m 

m 

mi 

in 
l * m 

mimi iin i 
mini mmum 
nimiiu mm 
i ii mm 

u i i 
mi 



eye In 

11111 

m 
111 
mi 
ill 

i in 

miumiiii l 
nimmi iimiii 
liiinni fc mm 
l n ' uiiu 

ii i i 
mi 



(Continued) 
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cycln r 

11113 

11] 

t ' i 

mi 
in 

l in 

liniiimiii 

luniiii l liiini 

minim f nun 
l i mm 

nil 
mi 



r-rlr- *> 

11111 

111 

111 

1111 

111 
1 11 

milium i 4, 1 
1111111111 m mi 
munii nm 
1 11 111111 

1 1 1 
1111 



cyel o 7 

mu 
111 
111 
1111 
111 
1 111 

iiiiiiiiiiiii 1 
iminiiiii mm 
liiiiniii mm 
1 11 mm 

1 1 1 
mi 



f i'C 1 c i r 

11111 

m 
111 
1111 
11 

1 T i 

1113111111 11 ^ 1 

iiiiinii mu 111 

minim 1 uu 

l 11 11111 

11 1 1 

1111 



rvc\r< s 

11111 
111 

m 
mi 

111 
1 in / 

111111111111 F 
11111111111 

mmiiu 
1 1 

u. 

mi 



1 inn 
mm 
mm 



cyclr 11 

11111 

111 

111 

1111 

1 1 
1 111 

1111111!]]] 1 * 1 

mmmimm n 

imniii n 111 

1 n 111111 

11 j 1 

1111 



(Continued) 
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cyclr 17 

I1IU 

in 

m 

nil 

in 
i in 

mmmim ^ i 
miiimammi i 
liiinim iij n 
l i nun 

li l i 
mi 



cycle 13 

inn 

m 
in 

mi 
111 

i m , 

imimnm * i 

inniiuninniii 

iiiiiuii iiu i 

i li mm 

i i i 

mi 



eynlo l'i 

11111 
ill 
ill 

mi 

m * 
i m 

miiiimm i 

liimmaimimi 
liilllllii mill 
l ii mm 

n i l 
nai 



This time a signal gees through to the output. 
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The Clock (Simulated One Clock Period) 



cycle n 

1 1 

1111111 1 

1 1111111 

niiiiiu mm 
mini l * i 



cycle 6 

1 l 

llllllll 

l mm l 

mimimmn 

11111 l 

f. i 



ryclc 12 

1 1 

lmnn 

i * uiiiui 

m i minim 

liimni i 

l 



cycle 1 

1 1 

mini 
i i mill 

miimii inn 
% l 



f i 



rye 1 r 7 

I 1 

11111111 

I 11111111 

^ 111111111117111 

111111111 1 

1 



cycle 1? 

1 1 

11111111 

1 + 11111111 

ii in immn 

111111131 1 

i 



cycle 2 

1 1 

11111111 

1 11 11111 

minimi mi 
mil 11 f l 
A l 



cycle 8 

1 1 

11111111 

It 11111111 

i miiimiiiii 
niiiiiu 1 

l 



cycle l'i 

1 1 

umiii 

i \ n I i?ni 

liii nmm 

311111111 1 



cycle 3 

1 1 

llllllll 

i in mi 

111111111111 111 

1111 1111 -t^ 1 

^ 1 



cycle 9 

1 1 

llllllll 

1 4 llllllll 

ii immimii 

immn i 

i 



cycle m 

i i 

iiuim 

i liimii 

lmnn mini 

llllllll ^ ? 



cycle 'i 

1 1 

llllllll 

1 1111 111 

limilllllll 11 

111 1 111 M 

f 1 



cycle in 

1 1 

llllllll 

1 + llllllll 

i i minium 

111111111 i 

l 



cycle ir 

I 1 

llllllll 
1 lllllll 

liimni mm 
imui i * i 



cycle 5 

I 1 

llllllll 

i mil n 

mimuiim.! 

u in u * ] 

♦ l 



cycle 11 

l 1 

llllllll 

1 4 liixiui 
mi uminm 
liimni i 

x 



cycle 17 

1 1 

lllllll 

i i mm 

nuiiiin inn 

nun u t i 

+ l 



APPENDIX II 



Another Crossover for the Two State Cellular Automaton 

The logic function B &q& NOT A ia represented by the following 



lymboli 



3D* 



The clocks are represented by boxes, 
from these element*. 



Tho crossover is constructed 




A*«i 



NOT 

The clocks labeled A dnd B are out of phase with each other and have 
twice the period of the other clock. This entire configuration has 
been simulated for the cages A input, B input and neither input. 
This component is active even when there are no inputs* The clocks 

are running and there is usually a signal In the internal wire. 

This signal Is destroyed by an input allowing one of the clocks 

labeled A and B to get through to the output. 



APPENDIX III 
Simulation of the Components: The Three State Cellular Automaton 
The Wire and Dead-god 



ryr|r f* 

2?7?2?72??2277?7' > 



C! rlr 






- n -i ■ i ■■ - " n ■ . . ., ■ t « n 



cycle 1 

?722727777727?:!27 
22222222 1??????? 



cycle 7 

22222222772227222 



cycle 

2777222227:22222? 

*> •> T *> *> *> 1 *> ^ ft a *j |ni 

cycle 7 

* " ^ * O « * * fl. r, -i « -, ^ * q 



cycl 



i^OI 



7772222222221 

^no^i^n in*) inn 

*. *. *. , # * 44 * * ir£f til. 

■ * 1 4 ft 1 * 4 1 ♦ * I. *. T 1 f f *. 



cyelr 



* 



7?7' 






::777727?7?2272 2 
? 7 2 2 22 n 2 2 7 2 2 22 222 



ryclc M 

fct f *- J **+*+£ i* £ 4. J.4. fc_ | ■_ 



cycle 

72727?2272' > 772*27 
277r7?22772772??2 
22?227?2?2?772?22 



Ill - 2 



The Fanout 



772 



•>*1" 



222 Hi 2 



227 
227 2?2 



27? 

???2?22?222 25?-. 1 ?? 2??7??"2777 

I 127727777 ' 

77???7?2272 222? 17777? 

2^2 -■_ 72? 

222 ->•»-> 

27? 227 

222 22? 



72? 2?7 

??? ??2 

??? 27? 

7 -. ? ?12 

2??72277222 27222 I???? 

22 12277222 277777 X?7? 



222 727 

722 ?2? 



cycle 2 cycle G 
722 27? 

272 2?2 

2?2 ?1? 

277 ? 2 

??2?2?????? 2227? 2??? 

?2? 127272? 272222? 172 

22?22???222 77272 2277 



772 ? 2 

777 712 

227 2?? 

77? ?27 



cycle 3 cycle 7 

227 27? 

772 ' i f 

27? 22? -> 

2727177777? 2727? 17777 

2222 127222 22222722 12 

22721222227 2722? 12222 

227 272 

72? I 2 2 

222 V 71? 



277277 ??7? 



277 

7 7 

??? 



cycle 1 eycI ?„ 5 cyclu 1 

777 
777 

??? 

--- 

??????????? 

22222222222 7222? 17272 72?7?7?7777 

72? ?12 * ? 2 

222 222 | zz 

722 



77? 



277 



Oil 



IH - 3 



Two Inputs Give Two Outputs. 
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Three Inputs Are Mutually Anlhllotod, 
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The Special Wire or Tope 
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Meeting Signals Cancel. 
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Tho Transition Rules For the Three State Cellular Automaton 

Those Rules arc Listed In tho form "(CNESWR)" where C represents 
the current state, N the state of tho forth neighbor, K the East 
neighbor, S the South and H the West neighbor. Tho result state is 
represented by R. Only transition rules aro listed, i.e., C la 
different from R. Also the North, East, South, and West neighbors 
can be rotated or flipped, Ca. , N can be swapped with S. 
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APPENDIX TV 

Simulation o£ the Components: Tha Four State Cellular Automaton 
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The Fanout Junction 
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Two Input, Two Output 



IV - 3 



cyelr c 

x r 
x?x 
xU 

X X 
xxxxx XXXXX 
X x 1? 

XXXXX xxxxx 

X X 

X X 

X X 

XXX 



cyele 1 

x x 

x x 

x?x 

xlx 
xxxxx xxxxx 
x x X? 

XXX XX xxxxx 

X X 
X X 
X X 

xxx 



cyr 1 o J 
x x 
x x 
x x 
x?s 

tfXXXXl>!XXXX 

X xl2 

xxxxx xxxxx 
x x 

X X 

X X 

xxx 



c y c 1 r 3 

X X 
X X 

x x 

x x 

xxxxx?xxxxx 

X 1? 

XXXXX xxxxx 

X X 

X X 

X X 

XXX 



cyclr h 
x x 

X K 

X X 
X X 

XXXXX xxxxx 

X 12 

xxxxxlxxxxx 
x x 

X X 
X X 
XXX 



cycle 5 

x x 

X X 

X X 

X X 
xxxxx xxxxx 
X I?x 
x:ixxx?xxxxx 

xlx 

x x 

x x 

xxx 



eye 1 o 

x x 

X X 

X X 

X X 

xxxxx xxxxx 
X 1? x 
xxxxx xxxxx 

x?x 

xlx 

X X 

v ;*■■ 



cycm 


7 


X 


v 

* I 


X 


X 


X 


X 


X 


X 


xxxxx 


XXXXX 


xI7 


■ 


xxxxx 


xxxxx 


X 




x: 


?x 


xlX 


xxx 


eye In 


fl 


X 


X 


X 


X 


X 


X 




X 


XXXXX 


xxxxx 


X? X 


xxxxx 


xxxxx 


x 


X 


x 


X 


x?x 


xxx 


cycl* 


p 


x 


X 


X 


X 


X 


X 


X 


X 


xxxxx 


xxxxx 


X > 


1 


XXXXX 


XXXXX 


X 


X 


X 


X 


X 


X 


XX 


X 



IV - 4 

Three Simultaneous Signals Cancel. 
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The Single Wing Signal 
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Colliding Single Wingt Form an Am Bud 
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Pilling the Gap Lengthening tho Arm 
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Lengthening of the Arm 
(Notice the Echo Signal) 
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Creation of the Erasing Wing by Coincidence o£ Single Wings and Echo Signal 
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Creation of the Single Wings froa the Logic Type Signals 
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Three Cases of Che Depositing of so "x" State 
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The Capture of an Erasing Wing Signal to 
(Note that the Capture Mechanism Becomes 



Form a Hew Logic Signal 
a Dead End.) 
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IV - 13 

The Transition Rules for the Four State Cellular Automaton 

These rules are Hated in the form "(CNESWR)". See Appendix III 

for further explanation. 

The states are represented by the symbols "x", "1", "2", and the 

blank space. 
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DISCUSSION 

III. Practical Application 

Perhaps the predominant application of cellular automata theory 
will be In circuits with a self wiring capability. A large acale 
integrated circuit forming a large array of cells could contain an 
initial configuration with construction power. When activated, it 
would proceed to wire up any desired circuit, (as indicated by 
Information built into the configuration or sent into it after 
activation) detecting and ignoring bad cells. Such a circuit could 
actually be a complete parallel or serial digital computer on one 
slice. Various regions of the slice could have different transition 
rules if, for example, one typo cell proved more efficient for memory 
and another for logic functions. Variations include having no 
initial configuration wired in, but sending inputs in to build a constructing 
mechanism. 

The main point is that by allowing bad areas to appear on the slice 
without destroying the total slice, much cheaper and more complex cir- 
cuitry could bo used. Shoup (A) has considered the design of integrated 
circuits used as cellular arrays. Not concerning himself with 
universality in particular, he was more interested in efficient implementa- 
tions of practical operations. 



